Abstract. Lightweight design, using high performance composites, which directly yields a reduced need for fuel is in the focus of new developments for traffic engineering. The increased substitution of traditional, metal based materials by fibre-reinforced composites in the aviation industry exemplifies this trend. In addition to mechanical properties, e.g. an increase in strength, that leads to direct weight savings, or improved dynamical performance, which translates into longer maintenance intervals, i.e. longer service-life. In the field of fibre-reinforced polymer matrix composites possible contributions from nanotechnology are currently reviewed. The modification of the matrix by introducing a "nanophase" has attracted most attention up-to-date. Additional approaches include modification of traditional reinforcements, as well as the development of new reinforcing materials. Desired improvements include mechanical properties, interlaminar shear strength, reinforcement in z-direction, fiber-matrix adhesion, and obtaining new functionalities. Starting from a summary of the most important effects of nano-modifiers in polymeric matrices, the presentation will review published results on the modification of thermoset matrix fiber-reinforced composites by using nanotechnology, as well as some of our own work in that field. Furthermore, applications of such modified composites in component parts are discussed.
Introduction
Not only since the issue of global warming returned on the public agenda, the subject of energy saving and a related reduction of emissions is an important criterion in materials design. One of the most efficient measures is lightweight design, using composite materials, which directly yields a reduced need for fuel. The increasing substitution of traditional, metal-based materials by high performance fibre-reinforced composites in the aviation industry exemplifies this trend. The term "High Performance Composite" should denominate materials, which can be applied in extreme conditions, e.g. mechanical or electrical or in critical applications, e.g. primary structural parts. Regarding the fact, that a variety of properties is generally tailored to a specific application, the common restriction to high temperature resistant materials seems incomprehensive today.In the most elementary case, a composite material consists of two distinct phases. Traditionally one is a continuous phase (matrix) incorporating a second phase. In the paper at hand we want to restrict our discussion to the class of thermosetting polymer-matrix composites, which comprise high modulus fibers (reinforcement).
Recently, attempts are made to modify such "High Performance Fiber Reinforced Plastics" (HPFRP) by incorporating one or more additional phases, of which one or more dimensions are in the nanometer range. In the fist part of this paper, some of the published work in that field will be shortly reviewed. In the second part some of our own results are presented.
Published Work on Nano-modified HPFRP's
The options to incorporate a nanophase in HPFRP's include (1) modification of the matrix, (2) modification of the reinforcement and (3) incorporation of a macroscopic arrangement of a nanometer-dimensional material. The last two options, which are surely exciting, still remain visionary for large-scale applications. They include incorporation of nanoparticles or nanoplatelets into the reinforcing fibres [1] , growth of nanotubes onto reinforcing fibers [2] or fabrics [3] , and using carbon nanotubes paper as interlayer in HPFRP's [4] . Concerning nano-modified matrices of HPFRP's a growing body of published literature is readily available. In most cases the modification is limited to the use of nano-sized fillers of various geometries (particles [5] [6] [7] [8] [9] , platelets [10] [11] [12] [13] , tubes [14] [15] [16] , fibers [17] [18] [19] ).Some of the work on epoxy-based materials has been reviewed by Njuguna et al. [20] . To date, basically two facts hamper the establishment of structure-property relationships. First of all, the requirements to obtain positive property enhancements from nanophases in thermosetting materials and the magnitude of such improvements are still under debate. Secondly, the increased number of possible material compositions from the preparation of fiber reinforced composites (fiber type, fiber fraction, ply-layout) render comparison of published results difficult. Moreover, the largely unsolved challenges associated with nanocomposites, e.g. dispersion and deagglomeration, stress-transfer to the matrix and alignment of the nanophase have to be taken into account. From a review of the literature it becomes clear, however, that improved properties of thermoset bulk materials are not easy to transfer to fiber reinforced materials. In our opinion, significant mechanical improvements have, so far, been established only in rare cases.
Examples of Our Work on Nano-modified HPFRP's
Toughness of Nano-modified Thermosets. For the performance of (inherently brittle) highly crosslinked thermosets, the fracture toughness is a key issue. For that reason, we have devoted a great deal of our work on toughness modification of such materials. We investigated the effect of nanoparticles, in relationship to micrometer-sized particles [21] , as well as of nano-and micrometer-sized thermoplastic [22] and rubber domains [23] from phase separation. In all cases no pronounced effect could be attributed to the mere fact, that the modifying phase had nanodimensions. As shown in Fig. 1 , the fracture toughness for systems modified with hard particles is basically a linear function of filler content, with no distinct effect from particle-size. Using butadiene-nitrile rubber as reactive modifier, a range of phase morphologies, e.g. domain sizes are obtained, as function of rubber content (among other factors). Due to the fact that a wide range of domain-sizes is inevitable from phase separation, the pronounced improvements of toughness, shown in Fig. 2 , could not be assigned specifically to the nano-sized domains. With preformed nanoparticles, however, we could show such effects. Furthermore, polyethersulfone (PES) with optimized molar mass and molar mass distribution was used as thermoplastic modifier, carrying phenolic hydroxyl endgroups for covalent bonding. It was found, that the toughening effect was more pronounced with increasing molar mass, cf. Fig. 3 . At the same time, however, higher molar masses aggravated processability, due to an increase in viscosity, cf. Fig. 4 . Nano-modified Glass-fiber Reinforced Composite. As discussed in the previous section, the mechanical improvements from nanophases in bulk materials are still ambiguous in some cases. However, improvements in fiber reinforced materials have been achieved by nano-modified matrices. We also found, that they improve processing characteristics of a glass fiber reinforced composite (Fig. 5) , as well as mechanical and surface properties of finished parts (Fig. 6 ) [24] . 
Summary
We presented some results concerning the toughness modification of polymeric matrix materials suitable for HPFRP's. Some of these results challenge improvements of properties due to the mere fact, that modifying phases are in nano-dimensions. The mechanisms for improvements in properties of HPFRC's, that we and others found, still need to be explained. In our future work, we will continue to address this issue.
